Abstract -Reservoirs are subject to severe fluctuations in the water level from seasonal and interannual climatic variations, as well as abstraction for irrigation, hydropower, and drinking water. This can affect the matter and energy transfer through the food web, of which zooplankton is of crucial importance. We traced seasonal changes in the carbon and nitrogen stable isotope signatures of suspended particulate matter and crustacean zooplankton from a small Mediterranean reservoir. The d 15 N SPM isotopic signature were well reflected in the herbivorous cladocerans. d 15 N of the calanoid and cyclopoid copepods were at least 3‰ greater than for the herbivorous cladocera, suggesting their potential use as a food resource. d 13 C of predatory copepods were also consistent with seasonal fluctuations in the d 13 C SPM baseline, except during the heavy rains in early spring, when they were observably rich in lipids with a higher C/N ratio, suggesting that they had entered dormancy and were not actively feeding in the water column. This indicates the importance of taking into account not only the seasonality, but the community dynamics and trophic level of zooplankton taxa when interpreting stable isotope studies.
Introduction
Knowledge of the energy flow and trophic interactions in an ecosystem is important for understanding population dynamics and predicting the likely response of a community to a disturbance (Lindeman, 1942; Karlsson et al., 2003; Finlay and Kendall, 2008; Marcarelli et al., 2011; Thompson et al., 2012) . At its simplest level, a food chain describes a pathway for energy (biomass) transferral from a primary producer through a series of consumers on increasingly higher trophic levels. This is particularly effective if used in tandem with stable isotope analysis (SIA), which provides an independent means of assessing the pathways of energy flow within a community. SIA is increasingly being used to investigate the ecological structure and function of freshwater systems (Finlay and Kendall, 2008) . The isotopic fractionation of 13 C and 15 N can be used to trace energy flow through ecological communities (Peterson and Fry, 1987; Cabana and Rasmussen, 1996) and provide time-integrated information of complex trophic interactions (Post, 2002) to complement dietary "snapshots" derived from gut content analysis.
Despite the growing literature describing food webs in lakes and reservoirs, there have been few studies on man-made waterbodies in the Mediterranean region. The biodiversity and conservation of such reservoirs are particularly sensitive to climate change (Moss et al., 2009) and are considered as stressed environments (Leira and Cantonati, 2008 and references therein; Naselli-Flores, 2003; Henry et al., 2011; Perbiche-Neves et al., 2011) . Compared with natural lakes, artificial waterbodies are subject to severe fluctuations in the water level from seasonal and interannual climatic variations, as well as abstraction for irrigation, hydropower and drinking water. This high seasonal variability, combined with spatial heterogeneity, characterizes reservoirs as an intermediate waterbody between lakes and rivers (Tundisi, 1999) . Receiving significant allochthonous inputs during the wet season and relying on internal cycling processes to sustain biota during the dry season (Zohary and Ostrovsky, 2011) , the littoral zone is often only periodically submerged, which limits the persistence of the aquatic macrophyte community in favour of phytoplankton.
In lacustrine systems, d 13 C and d 15 N ratios of suspended particulate matter (SPM) vary over time (Zohary et al., 1994; Lehman et al., 2004) . This variability is related to external loadings, phytoplankton species composition and primary productivity, as well as sources and concentrations of dissolved inorganic C and N (Grey and Jones, 2001; Caroni et al., 2012) . Zooplankton are crucial in transferring matter and energy in pelagic food webs (Matthews and Mazumder, 2003) . Vulnerability to fish predation (de Bernardi et al., 1987; Sprules and Bowerman, 1988; Einsle, 1996; Mauchline, 1998) and differential exploitation and availability of food resources can lead to seasonal variations in the dominance of different taxa and developmental stages (Smyntek et al., 2012) . In this study, we investigate seasonal changes in the carbon (d 13 C) and nitrogen (d 15 N) isotopic signatures of crustacean zooplankton in a small reservoir, Sos Canales Reservoir, in Sardinia, Italy. By analysing the seasonal variation in d 13 C and d 15 N for dominant taxa with respect to an isotopic baseline determined from SPM, we consider how water-level fluctuations and changes to the hydrological regime affects resource availability, differential exploitation by consumers and trophic energy transfer in the pelagic food web of a man-made reservoir.
Material and methods

Study area
Sos Canales Reservoir (SCR; Fig. 1 ) was built in 1956 by the damming of the upper stream of the River Tirso (152 km), the largest river in Sardinia, Italy. The reservoir is small (0.33 km 2 , maximum depth 39 m) and lies on granite bedrock surrounded by cork oak (Quercus suber) woodlands in the Northeastern part of the island, 714 m above sea level. Water flow into the lake is mainly retained by the dam for future supply use. The watershed is small (16 km 2 ) and minimally impacted by anthropogenic activity, except for that related to cork production and traditional, low-intensity sheep farming. The reservoir provides the drinking water supply for the resident population of 15 000 inhabitants with an extraction of < 265 m 3 month x1 . As is typical for Mediterranean manmade lakes (i.e., Naselli-Flores, 2003; Zohary and Ostrovsky, 2011) , SCR is subject to large water-level fluctuations. Rainfall events are concentrated between late-autumn and spring, often causing floods, while streams are almost completely dry in summer.
Sampling and analyses
Between October 2010 and September 2011 water and zooplankton samples were collected ca. monthly at two sampling stations: S S near the river inflow with a water depth of < 10 m and D, the deepest point of the lake (d y 40 m) near the dam, as shown in Figure 1 . A vertical profile of water temperature (Hydrolab multiprobe HdS5) and the water level were measured at the both stations, monthly. Water samples were collected with a 5 L Niskin bottle at 2.5 m intervals from the surface to 7.5 m depth at stations S and D S , with an additional vertical sample taken from 10 m depth to the bottom of the lake bed (D D ), and pre-filtered in the field using a 76 mm nylon sieve to remove zooplankton and large detrital matter. SPM (size fraction 1.2j mmi 0.76) for d 13 C and d 15 N SIA was obtained by a secondary filtration onto pre-weighed GF/C glass-fibre filters (1.2 mm pore size). Zooplankton samples for quantification and biomass estimation were collected via integrated vertical hauls with an Apstein zooplankton net (mesh size 76 mm), from the surface to 2 m above the lake bed, and fixed in 99% ethanol. The standing stock biomass (SSB) of zooplankton was estimated by length-weight regression equations (McCauley, 1984; Manca and Comoli, 2000) . Planktonic crustacean zooplankton for SIA were collected using a 100 mm large-mouth plankton net and sorted into calanoid and cyclopoid copepods, with Daphnia and Ceriodaphnia spp. representative of the cladoceran fraction.
Duplicates of each specimen were oven dried for 24 h at 60 xC, homogenized and transferred into 6r 4 mm tin-capsules. If necessary, samples were pooled to obtain a minimum mass of 0.5 mg DW. d 13 C and d 15 N SIA were run on a Continuous Flow-Isotope Ratio Mass Spectrometer (Delta plus XP ThermoFinnigan, Bremen, Germany), after total combustion in an elemental analyser (EA Flash 1112 ThermoFinnigan). The isotope ratios with respect to international standards (Pee Dee Belemnite for d 13 C and Atmospheric N 2 for d 15 N) were calculated from acetanilide, calibrated against the international standards MRIET-ISO-64 and MRI-ET-ISO-63 (Camin et al., 2008) , and expressed in d notation per mille (‰):
where I is the isotope of interest and R is the ratio of heavy-to-light isotope (i.e., 13 C/ 12 C). Repeat analyses of the internal standards gave a precision of less than ¡ 0.3‰ for both d 13 C and d 15 N. Statistical analyses, such as Spearman-Rank correlations, were performed with Statistica for Windows (StatSoft, 2001 ). Non-parametric two independent groups Mann-Whitney U tests were undertaken, but did not show any significant correlation, so significance was also tested using more than two groups comparison, Kruskal-Wallace test.
Results
Environmental factors
The water column was mixed at all stations during winter, December 2010 to February 2011, with the temperature dropping from 7.3 to 5.5 xC. Thermal stratification started in April and lasted until October, with a surface water temperature of 20 xC in July. The water level fluctuated throughout the year (¡10 m), with at least 265 m 3 abstracted for human consumption each month. The reservoir was at its shallowest in October 2010 (27 m), but the water level rapidly increased by 10 m in its refilling period, due to heavy rainfall of 263.2 mm in February and March. From then on, water levels decreased steadily, especially during the summer months of July-September, when only 25.8 mm rain fell. The rainfall followed a similar trend to that of previous years (2006) (2007) (2008) (2009) (2010) (2011) , as is evident in Figure 2 . Secchi disc transparency was at its lowest of 1.2 m in February, from the increased turbidity, gradually increasing, until stabilizing at 3.5 m during the dry season.
Changes in the composition of SPM, phytoplankton and zooplankton
The important contribution of phytoplankton to SPM in the surface waters of station D S is indicated by the significant correlations between SPM dry weight and Chl-a (Spearman R = 0.883, n= 9, P = 0.001) and total phytoplankton biomass (Spearman R = 0.636, n= 11, P = 0.03). Chl-a was highest in surficial waters, increasing to a maximum of 21.1 mg.m x3 in February, despite the photic zone (PZ = 2.5 SD) being at a minimum of 2.9 m, before peaking again at 12.09 mg.m x3 in August when the PZ was 8.75. Phytoplankton cell density and biomass were also higher in the surficial waters, the latter ranging from 32.74 mg.L x1 in March to 1.64 mg.L x1 in September, decreasing with the increase in temperature. The species composition and biomass varied seasonally, with species density more diverse than biomass. Species density was dominated by Chlorophyceae, mainly Chlorella sp., from October to December, Cryptophyceae, mainly Plagioselmis lacustris (Pascher & Rutter) and the Dinophyceae Gymondinium uberrimum (G. J. Allman, Kofoid & Swezy) from January to May, and Cyanobacteria such as Aphanothece minutissima (W. West) Koma´rkova´-Legnerova´et & Cronberg) in August and September when cell density was highest. However, phytoplankton biomass was dominated by the larger dinoflagellate G. uberrimum, which exhibited a strong seasonal dynamic preferring a depth range of 0-2.5 m during the wet season and 5-7.5 m in the epilimnion during the summer months (Fadda et. al, submitted) . When the lake level was lowest, from October to December (and in September 2011), the dry weight of SPM was similar at both sampling sites and there was no depth variation. In February, when the lake level was at its highest, the dry weight of SPM at Station D, by the dam wall, was nearly double that of Station S S , by the inflow. After the onset of stratification there was a decrease in the mass of SPM at Station S consistent with the increased rainfall, except for an isolated precipitation event in June when 58.8 mm fell. As the lower water level had exposed the shoreline, this could be a direct result of erosion. At Station D, the highest SPM mass was observed in the wet season when the lake water levels were highest and the concentration of Chl-a and biomass of G. uberrimum peaked in the surficial waters (0-2.5 m).
The calanoid copepods Copidodiaptomus numidicus (Gurney, 1909) , and the cyclopoid copepods Cyclops abyssorum gr. (Sars, 1863) and, to a minor extent, Macrocyclops albidus (Jurine, 1820) were found. In the cladoceran fraction, two Daphnia species, D. pulex test: H= 20.67 (n= 26) P = 0.0081), becoming more d 13 Cdepleted between December and May, with the exception of February, and more enriched in summer, with a reversal of the trend towards increasingly d 13 C-depleted isotopic signatures after June (Fig. 4) . The d 15 N isotopic signatures were more enriched in the wet season, becoming increasing depleted in spring and summer (Fig. 4) (Fig. 5) , as was observed for SPM. Kruskal-Wallis tests of the d 13 C and d 15 N isotopic signatures of zooplankton with respect to seasonality gave H (63, n = 100, P = 0.037 for d 13 C and H (63, n= 100, P = 0.005) for d 15 N. d 13 C and d 15 N were similar for Ceriodaphnia at both stations and were on the whole enriched with respect to the d 13 C and d 15 N SPM signal. Daphnia followed a similar trend, although were typically more 13 C-depleted at station D than from the shallower sites. The calanoid copepod C. numidicus was the only species of zooplankton present all year round. d
N of
Copidodiaptomus and the cyclopoid copepods was at least 3‰ greater than that of the herbivorous cladocera, suggesting their potential use as a food resource. d 13 C of C. numidicus was consistent with seasonal fluctuations in the d 13 C SPM baseline, except for a deviation during the heavy rains in February, when they were less enriched (Fig. 6 ). This was also observed for the cyclopoid copepods. The C:N ratio of copepods was highest in February at 5.5, being 3.4 in December. Quantification of zooplankton biomass and abundance indicated that the copepod fraction in February was mostly composed of copepodites and adults that were observably rich in lipids (Fig. 7) .
Discussion
The d 13 C and d 15 N isotopic baseline signature of temperate lakes varies seasonally (Zohary et al., 1994; Lehman et al., 2004) , due to changes in external loading (Gu et al., 2006) , phytoplankton species composition (Peterson and Fry, 1987) , sources of primary production (Grey et al., 2000) and changes in the concentration of dissolved inorganic C and N (Grey and Jones, 2001; Caroni et al., 2012) . Seasonal changes in the hydrodynamic regime caused d 13 C and d 15 N of SPM in SCR to fluctuate, following the expected trend observed in natural lakes of being more 13 C-depleted and 15 N-enriched in winter to less 13 C-depleted and 15 N-enriched values in the drier summer months (Perga and Gerdeaux, 2006; Visconti and Manca, 2011; Woodland et al., 2012) .
In fact, two phases could be distinguished in the lake. During the drier season in summer, external water inputs A. Fadda et al.: Ann. Limnol. -Int. J. Lim. 50 (2014) [279] [280] [281] [282] [283] [284] [285] [286] [287] were negligible, and as abstraction levels remained constant to meet the needs of the drinking water supply, the water level was at a minimum in this "still-water phase". A second "dynamic-water phase" could be differentiated during the wetter months from a rise in water level after heavy rainfall. Allochthonous (terrestrial) input is usually more enriched in d 13 C and depleted in d 15 N (Finlay and Kendall, 2008) , which was evident from the isotopic signatures of SPM in the water column.
As well as hydrological variability, other physical variables, such as temperature, are important determinants of seasonal change in d 13 C (Rau et al., 1989 (Rau et al., , 1992 . In monomictic lakes a positive correlation between d 13 C and temperature is often observed (Zohary, 1994; Perga and Gerdeaux, 2006; Visconti and Manca, 2011; Caroni et al., 2012) , as increasing temperature decreases the atmospheric dissolution and solubility of CO 2 , influencing the isotopic fractionation of carbon during phytoplankton uptake (Rau et al., 1989 (Rau et al., , 1992 . d 13 C of SPM in SCR became more enriched (less negative) from the onset of thermal stratification, peaking when the surface temperature reached its maximum. This also explained why variations in the d 13 C and d 15 N signal with respect to water-level fluctuations were similar in the surficial waters of stations S and D, but less pronounced at depths > 10 m. d 13 C was more depleted in the hypolimnion in late summer, as a consequence of increased respiration activity (Cattaneo et al., 2004) in deeper waters (Vander Zanden and Rasmussen, 1999; Grey et al., 2000; Cattaneo et al., 2004) . Also, d
15 N was more enriched in D D , as in stratified lakes and reservoirs, biological activity in the sediments decreases the hypolimnetic dissolved oxygen concentration and pH, reducing the redox potential at the sedimentwater interface (Nowlin et al., 2005) . Stagnation during a period of prolonged drought can remobilize nutrients sequestered in the sediments (Zohary et al., 1994) .
It is likely that the d Gu et al., 2006) . The biomass of phytoplankton was dominated by Gymnodinium uberrimum, a naked dinoflagellate that preferentially inhabits nutrient-rich surficial waters when the water column is fully mixed during the dynamic phase (Niesel et al., 2007) , but moves to deeper water in summer when the reservoir becomes thermally stratified (Tilzer, 1973) . Also, a decrease of d 15 N in spring and summer is a common trait of stratified lakes (Visconti and Manca, 2011; Visconti et al., 2013) , which can be attributed to nutrient recycling by zooplankton in the epilimnion.
Seasonal changes in the d 13 C and d
15
N SPM isotopic signature were reflected in the zooplankton by a shift from being 13 C-depleted and 15 N-enriched in winter to being less 13 C-depleted and 15 N-enriched in summer. As is commonly observed in Mediterranean reservoirs (Geraldes and Boavida, 2004) , C. pulchella was the dominant taxon in the dry season at both stations, due to increased water temperature (Fadda et al., 2011) . A. Fadda et al.: Ann. Limnol. -Int. J. Lim. 50 (2014) 279-287 between-population differences in feeding strategy (Strørm, 1946) or temperature-related body size differences (Power et al., 2003; Matthews and Mazumder, 2008) .
The calanoid copepod C. numidicus was the only species of zooplankton present all year round. d 13 C of C. numidicus was consistent with seasonal fluctuations in the d 13 C SPM baseline, except for a deviation during the heavy rains in February. That this was also detected in the isotopic signature of cyclopoid copepods, suggests that copepods may not have been actively feeding in the water column. Quantification of abundance of zooplankton indicated that the copepod fraction in February was mostly composed of copepodites and adults that were observably rich in lipids, with a higher C/N ratio (El-Sabaawi et al., 2009) from 15 N-enrichment. Lipids are stored by copepods entering dormancy (Lee et al., 2006) in harsh environmental conditions (Gyllstro¨m and Hansson, 2004) , when they tend to migrate downwards into cooler and deeper waters and become less motile (Vanderploeg et al., 1998) . The depletion in 13 C could be a result of the upwelling and mixing of the water column transporting dormant copepods into the surface waters. We were not able to capture any resting stages, as we could only sample zooplankton to a depth of 2 m above the lake bed. This could also be related to the tissue turnover time of larger zooplankton (Shurin et al., 2006 and references therein) being longer than for phytoplankton, whose d 13 C and d 15 N isotopic signatures more rapidly reflect changes in the dissolved carbon pool.
Between-station differences in spring are likely to be attributed to exploitation of differential food sources and differences in the size structure and developmental stages of the zooplankton population (Marcarelli et al., 2011) . Whereas for large cyclopoid species, such as C. abyssoroum gr. and M. albidus, predation on cladocerans is well documented (Dussart and DeFaye, 2001 ), little is known on feeding behaviour of C. numidicus. Adults and large copepodites of calanoid copepods are often referred as selective detrital feeders (Demott, 1986 (Demott, , 1995 , although a recent study by Gonc¸alves reported C. numidicus as omnivorous (Gonc¸alves et al., 2012) . Interpretation of d 13 C is complicated because of the dramatic seasonal fluctuation, but d 15 N of Copidodiaptomus and the cyclopoid copepods was at least 3‰ greater than the herbivorous cladocera, suggesting their potential use as a food resource.
Conclusions
The d C of calanoid and cyclopoid copepods were also consistent with seasonal fluctuations in the d 13 C SPM baseline, except during the heavy rains in early spring, when they were observably rich in lipids and depleted in 13 C with a higher C/N ratio. This suggested that they had entered in dormancy and were not actively feeding in the water column. d 15 N of the calanoid and cyclopoid copepods were at least 3‰ greater than for the herbivorous cladocera, confirming their potential use as a food resource.
This study indicates the importance of taking into account the seasonal variation in d 15 N more closely than secondary consumers, such as Copidodiaptomus, so the size and age distribution of the population should be carefully considered in the design and interpretation stable isotope studies.
